The effects of baroclinicity on the air and ocean boundary layers under conditions for strong dynamical (compared to thermodynamic) forcing are studied by use of a numerical model of air-sea interaction, which consists of a closed system of equations including equations of motion, turbulent kinetic energy, turbulent exchange coefficient, local turbulent length scale, and assumptions of fixed stratification and baro½linicity in both the atmosphere and ocean. Baro½linicity is incorporated into the equations of motion by specifying horizontal gradients of air temperature in the atmosphere and seawater density in the ocean. Experiments were conducted to determine the effects of different magnitudes and directions of baroclinicity and of atmospheric stratification on the dynamical and turbulent structure of the interacting boundary layers. The results of the simulations demonstrate that certain levels of baroclinicity produce double maxima in the K profiles in the atmosphere and ocean. Baro½linic effects change the dominant components of the turbulent kinetic energy in both air and sea boundary layers from shear production and dissipation for dimensionless heights and depths of less than 0.1 (about 20% of the height or depth of the boundary layer at zero surface heat flux) to shear production and buoyant destruction for dimensionless heights and depths greater than 0.1. The results show that the most significant effects of baroclinicity in the air and sea boundary layers are the increases in turbulent exchange coefficient, turbulent kinetic energy budget, shear stresses, and dimensionless wind and windinduced current in the regions of the boundary layers far from the interface. The results of the simulations also show that for fixed stratification and baroclinicity, surface quantities (e.g., friction velocity, drag coefficient, and geostrophic drag coefficient) are affected more by surface heat flux than by barodinicity, whereas the opposite is true for characteristics of the whole boundary layer (e.g., boundary layer height and angle between the geostrophic wind and surface stress). Our results show good agreement with the few observations that have been taken where baroclinicity has been reported.
where u,• is the friction velocity of the corresponding boundary layer. We have taken the factor a, which may be a function of the ratio of boundary layer densities, to be an empirical constant equal to 0.05 [e.g., Roll, 1965; Kitaigorodski, 19733. Baroclinicity is introduced into the governing equations by letting terms on the right-hand sides of (1) Our objective is to focus on the effects baroclinicity produces on the air-sea boundary layer dynamics when dynamical rather than thermodynamic forcing prevails, so we specify the vertical profiles of air temperature and seawater density to be commonly observed functions of z i. The steady state vertical gradient of air temperature is specified as [Ly, 1986 ] (see Laikhtman [ 1970] for more detail) dO, _ Qo, -(7a -7) For the ocean boundary layer the vertical distribution of seawater density is specified by the following formulas [Ly, 1981] where subscript n indicates that the variable is in dimensionless form. We have taken e = 10 -3 in our calculations. Although we have chosen to use a small value of stress to determine the boundary layer height, comparable results would be generated if we had used the level at which Eni diminished to e or the level at which Eni diminished to some small fraction of the surface value. The effect of waves at the interface is studied in more detail in Ly's work [Ly, 1986] . The equations are cast in dimensionless form and are solved by the procedure described by Ly [1986] .
RESULTS
To our knowledge, there have been no major field programs to study the effects of baroclinicity on boundary layer structure and dynamics for the coupled atmospheric-oceanic system. However, for the barotropic state, several reports are available for comparing our model with observations and other numerical results. In Figure 2 We have summarized in Table 2 Ocean baroclinicity has little effect on atmospheric variables but significantly increases the boundary layer depth and turbulence exchange coefficient in the ocean. There is a suggestion that the direction of baroclinicity has more effect in the ocean than in the atmosphere. The introduction of moderate ocean baroclinicity in the x direction deepens the ocean boundary layer by 38%, but adding a comparable y direction baroclinicity deepens the boundary layer by an additional 176%. The turbulence exchange coefficient likewise is increased much more by adding y direction baroclinicity: x baroclinicity increases K 2 by 26%, and y baroclinicity further increases K 2 by 191%. We note, however, that some of these results are dependent on our assumed stratification; we will address this dependence in a subsequent paper. A doubling of the baroclinicity in the ocean from --5 to --10 has less influence on these parameters than a comparable doubling in the atmosphere has on H• and K•. Figure 14 shows that near the surface, diffusion has a positive sign in the ocean, whereas in the atmosphere near the surface it is negative. This represents the mechanism whereby turbulent kinetic energy is transferred from the atmosphere to the ocean.
CONCLUSIONS
In the present study, the baroclinic effects in the atmospheric and oceanic boundary layers, which are described by the horizontal gradients of air temperature in the atmosphere and seawater density in the ocean, are examined by incorporating these conditions into the equations of motion. A series of numerical experiments was conducted to determine the effects of different magnitudes and directions of baroclinicity and of atmospheric stratification on the turbulent and dynamic structure of the interacting atmospheric and oceanic boundary layers.
The results of the simulations show that baroclinicity has a strong influence on the turbulent, dynamic structure and on some of the air-sea interaction parameters. A comparison of the effects of baroclinicity and surface stability showed that when the dynamical forcing is strong compared with the thermal forcing, surface quantities (u.
•, drag coefficient, and geostrophic drag coefficient) are affected more by surface heat flux than by baroclinicity, whereas the opposite is true for characteristics of the whole boundary layer such as boundary-layer height and angle between the geostrophic wind and surface wind.
Certain levels of baroclinicity produce double maxima in the K profiles in the atmosphere and ocean, and K increases substantially everywhere except very near the interface. Baroclinic effects change the main components of the turbulence kinetic energy in both boundary layers from shear production and dissipation for z, < 0.1 (about 20% of the height/depth of the boundary layer at zero surface heat flux) to shear production and buoyant destruction for z, > 0.1. The results show that the most significant effect of baroclinicity in the atmosphere and ocean is the increase in turbulent and dynamic characteristics (K, turbulence kinetic energy budget, shear stress, dimensionless wind, and current) in the parts of the boundary layers far from the interface. For these turbulent and dynamical characteristics of the atmosphere and ocean, atmospheric stratification has its largest effect at low levels in the boundary layers, whereas baroclinicity influences the entire depth of both boundary layers.
The numerical results of the model agree well with the few observations that are available and with the accepted understanding of the influences of baroclinicity in the atmosphere and the ocean on the interacting air-sea boundary layers.
